Background
Introduction
Pulmonary arterial hypertension (PAH) is a rare and severe disease of the afferent pulmonary vasculature, characterized by a progressive increase in pulmonary vascular resistance and overloading of the right side of the heart [1] . In patients with developing PAH, there is generally a considerable delay between the onset of pulmonary vasculature loss and the onset of PAH-related symptoms [2] [3] [4] [5] . Diagnosis of PAH is therefore often delayed [6] . Hence, a simple noninvasive diagnostic test for PAH is warranted to allow earlier detection of the disease [6] . The routine electrocardiogram (ECG) is a very simple test but has proven to be of limited value in the evaluation of patients with suspected PAH [6, 7] . In rats it has been demonstrated that pulmonary hypertension precedes right ventricular hypertrophy, where the latter can be detected with sequentially recorded ECGs [8] . The vectorcardiogram (VCG) has been considered of additional value to ECG analysis, since it renders different information and allows calculation of parameters that cannot be computed from separate ECG leads [9] [10] [11] . However, the potential value of sequentially recorded VCGs for detection of changes in developing pulmonary hypertension has not been studied. Information recorded by three orthogonally oriented bipolar leads can be readily reconstructed into a three-dimensional VCG with the help of dedicated software. Since the right ventricle (RV) has a lower mass than the left ventricle (LV) in both rats [8, 12] and humans [13] , RV electrical activity is largely masked by the LV electrical activity under normal conditions [14] . We hypothesized that an increasing RV workload, elicited by progressive loss of pulmonary vasculature in PAH, would trigger a corresponding degree of RV hypertrophy, inducing three-dimensional body surface ECG changes [15] . We chose to investigate the evolution of three-dimensional body surface ECG abnormalities in a rat model of pulmonary hypertension. In addition, we evaluated RV and LV contractility using echocardiography and determined RV hypertrophy by measuring mean cross-sectional area of RV cardiomyocytes. We investigated whether ECG abnormalities precede echocardiographic abnormalities and RV hypertrophy. Invasively measured RV systolic pressure served as the gold standard for presence of PAH.
Methods

Experimental setup
This study was performed in accordance with the national guidelines and with the permission of our institutional animal ethics and welfare committee. Male Wistar rats (Harlan Laboratories, Horst, The Netherlands) weighing 180-200 g were used in this study (n=28 , n=5). Drugs were dissolved in 2 mL of commercially available vanilla pudding, which served as vehicle. Drugs were administered orally from day 14 onward. Untreated healthy and MCT rats received vehicle alone. On day 0 (before MCT injection), on day 14, and on day 25, a body surface ECG and echocardiogram were recorded. We chose to perform measurements on day 14, since elevated pulmonary arterial pressures were reportedly present at this time after administration of similar doses of MCT [17] . Before ECG recording and echocardiography, rats were anesthetized by inhalation of 4% isoflurane. Anesthesia was maintained under 2% isoflurane administration. All rats breathed spontaneously throughout this procedure.
RV pressure measurements
After completion of ECG and echo recordings, right ventricular systolic pressure (RVSP) was measured in 8 MCT rats on day 14 and in 15 MCT rats and 5 controls on day 25. Before the procedure, rats were intubated with a 16-gauge plastic venflon that was inserted directly into the trachea. Animals were subsequently attached to a mechanical micro ventilator (UNO, Zevenaar,
The Netherlands), ensuring a breathing frequency of 75 breaths·min -1 with an intermittent positive pressure ventilation/positive end-expiratory plateau (IPPV/PEEP) of 15 -5 mbar (control) or 8 -2 mbar (MCT). PEEP was kept lower in MCT rats to avoid ventilator-induced lung injury.
Pressure measurements were performed using a Millar pressure catheter (Millar, Houston, TX) that was directly inserted through the apical RV free wall after right lateral thoracotomy through the fifth intercostal space. RVSP was measured for 10 s and averaged. Data were obtained using a PowerLab setup (AD Instruments, Castle Hill, NSW, Australia). After RV pressure measurement, rats were killed. Before animal death, isoflurane administration was increased again to 4% and the absence of reactivity to external stimuli was verified. During the entire procedure, body temperature was monitored and maintained at 37°C with a controlled heating pad.
RV hypertrophy
Hematoxylin and eosin staining was performed on cross sections of each heart as described by des Tombe et al. [18] to determine the degree of cardiomyocyte hypertrophy in both ventricles. The cross-sectional area (CSA) of 40 randomly chosen cardiomyocytes in the RV was measured. In addition, sarcomere length was randomly determined in five areas of each ventricle, where cardiomyocytes were cut along their longitudinal axis. CSA was then normalized on a sarcomere length of 2 μm to correct for variation between sarcomere lengths, which makes comparison between different hearts feasible. In addition, the occurrence of endured ischemia was determined by staining for cytosolic cytochrome c release [19] .
Electrocardiography
Body surface ECGs were made with rats in the supine position. ECGs were recorded using five subcutaneously placed needle electrodes: one on each limb and one chest electrode centrally placed over the fourth intercostal space (Figure 1) . A resistance network was used to derive three ECG leads, equivalent to Einthoven's lead I, lead aVF, and the inverted average of leads V1 and V2. In the following, these three leads are treated as vectorcardiographic leads X (right to left), Y (craniocaudal direction), and Z (anteroposterior direction). Orientation of the X-, Y-, Z-axis is according to the American Heart Association recommendations [20] .
The fifth electrode on the right hind limb functioned as a reference electrode. The three orthogonal ECG signals were recorded with a 2,000-Hz sampling rate. The registration setup (PowerLab) was optimized with respect to grounding and shielding to keep background noise to a minimum. Registrations were performed with a minimum duration of 1 min to allow for beat selection and subsequent averaging, further improving the signal-to-noise ratio. All
ECGs were recorded without electronic filters and were processed off-line.
Electrocardiographic analysis
ECGs were analyzed using LEADS, our dedicated electrocardiography analysis program [9] . In short, LEADS automatically selects beats for averaging on the basis of signal quality criteria (baseline, noise). This selection of beats is then reviewed and edited by the investigator.
The beats are then averaged by LEADS. After the onset and end of QRS complex and the end of T-wave in the averaged beat are manually reviewed and edited, vectorcardiographic calculations are automatically performed. 
Figure 1 A) Rat in the supine position with the 5 ECG electrodes in place: red (right front limb), yellow (left front limb), green (left hind limb), blue (central over 4th intercostal space), and black (right hind limb). B) Resistor network to derive ECG leads I, aVF, and the inverted mean of leads V1 and V2, taken as substitutes for vectorcardiographic X,Y, and Z leads. C) Averaged beat from a healthy rat, generated by LEADS.
HYPERTENSION CAN BE DETECTED WITH THREE-DIMENSIONAL ELECTROCARDIOGRAPHY
Electrocardiographic parameters
Depolarization was characterized by QRS duration, the orientation of the QRS-axis, and the mean QRS vector magnitude. QRS-axis orientation with unit radius was decomposed in its X, Y, and Z components for comparison of orientation over time. Concordance/discordance of depolarization and repolarization on the ECG was characterized by the spatial QRS-T angle (the angle between the spatial orientation of the QRS-and T-axes) [21] . Action potential duration heterogeneity was characterized by the spatial ventricular gradient (VG) magnitude [22] . All parameters were derived from the averaged beat, using information from the three orthogonal leads.
Echocardiography
The average heart rate of a rat is approximately five times higher than that of humans, precluding real-time appreciation of cardiac function with echocardiography. We chose to perform echocardiography with a straightforward, easily reproducible approach, capturing both LV and RV during the cardiac cycle. RV and LV short-axis images were made in Bmode and M-mode, using a ProSound SSD-4000 PureHD echo machine (Aloka, Tokyo, Japan). End-diastolic and end-systolic diameters (EDD and ESD, respectively) for both RV and LV were measured perpendicularly to the interventricular septum at midseptal level.
EDD and ESD were used to calculate fractional shortening with the following formula:
fractional shortening=[(EDD -ESD)/EDD]·100%. Since comparison of individual RV and LV fractional shortening over time is sensitive to changes in echo probe positioning along the longitudinal cardiac axis, we used the ratio of LV fractional shortening to RV fractional shortening (LV/RV fractional shortening) to describe changes in cardiac function.
Statistical analysis
All data sets were randomized before analysis by observers (I.R. Henkens and K.T.B. 
Results
RV systolic pressure and hypertrophy
On day 14 all MCT rats already had elevated RVSP compared with controls ( Figure 2A ).
However, RV hypertrophy was not yet present at this time, as demonstrated by a mean cross-sectional cardiomyocytes area of 286 ± 23 μm 2 , which was not different from 274 ± 44 μm 2 in controls (P=0.52) ( Figure 2B and C). On day 25, all MCT rats, regardless of therapy, had severe PAH (Figure 2A ). At this time MCT rats showed marked RV hypertrophy, with a considerably higher mean CSA of RV cardiomyocytes of 476 ± 65 μm 2 compared with both controls and MCT rats on day 14 (both P<0.001 ) ( Figure   2B and C). LV cardiomyocyte dimensions were not different between MCT rats and controls. MCT rats were negative for cytochrome c release, indicating that myocardial perfusion was adequate despite marked hypertrophy in MCT rats.
Body surface ECGs and echocardiograms
Of the 76 recorded body surface ECGs, 2 (2.6%) were not interpretable because of 50-Hz background noise. Suitable for analysis were 28 registrations on day 0, 28 registrations on day 14, and 18 registrations on day 25. Out of 76 echocardiographic registrations performed, 72 (94.7%) were suitable for interpretation of RV and LV fractional shortening.
ECGs at baseline
There was no difference at baseline between rats receiving saline and rats receiving MCT with respect to heart rate, QRS duration, QRS-axis orientation, mean QRS vector magnitude, QRS-T spatial angle, or VG magnitude. There were no rats with a bundle branch block configuration in the ECG.
ECGs after 14 and 25 days
Controls did not show ECG changes on day 14 or day 25. MCT rats, however, showed marked changes in ECG characteristics on day 14 compared with baseline, which had further evolved on day 25 (Table 1 ). ECG changes were not different for MCT rats receiving treatment compared with MCT rats receiving placebo. In addition, ECG changes were also not different between rats receiving different medications (bosentan, sildenafil, or fasudil). New onset bundle branch block was not observed. On day 14, heart rate was lower in MCT rats than on day 0. Furthermore, depolarization changes were present in MCT rats, as well as changes in concordance of depolarization and repolarization and changes in action potential duration heterogeneity. The increased RV contribution to the electromotive forces was demonstrated by an important decrease in mean QRS vector magnitude. Furthermore, there was a change in three-dimensional QRS-axis orientation, most notably in the Z direction. The suggested evolutionary mechanism for the observed changes on day 14 and day 25 is presented in the Discussion. Of note, VG magnitude declined, whereas QRS-T spatial angle increased, signifying an alteration in both action potential duration heterogeneity and repolarization sequence. On day 25, ongoing development of PAH had resulted in marked changes in both depolarization Table 1 . Table 1 .
Figure 3 Individual QRS-axes orientations (small dots) on day 0, day 14, and day 25 are plotted on a sphere with unit radius (varying between -1 and +1) and projected on the horizontal, transverse and sagittal planes. Mean values (large dots) are projected on the orthogonal planes only. Mean QRS-axis orientation shifted along the X-axis and Z-axis from day 0 to day 14 and along both Y-axis and Z-axis from day 14 to day 25. The 3-dimensional plot and its projections allow appreciation of the virtual inversion in QRS-axis orientation due to development of severe PAH. Quantitative results are presented in
QRS-axes on day 0 QRS-axes on day 14 QRS-axes on day 25
Individual values: and repolarization characteristics in MCT rats, compared with both baseline and day 14 (Table 1 ). The sphere plot of QRS-axes (orientation and projections on the transverse, frontal, and sagittal plane) illustrates the changes in spatial orientation 14 and 25 days after administration of MCT compared with baseline ( Figure 3) .
Echocardiography
A typical illustration of echocardiographic images obtained at baseline, on day 14, and on day 25 is shown in Figure 4A . LV/RV fractional shortening was un-changed in MCT rats on day 14 but was significantly increased on day 25 ( Figure 4B ).
Discussion
The key finding of this study is that the development of PAH in rats is associated with a distinct evolution of ECG abnormalities. These ECG abnormalities were already present early in the development of PAH and preceded the onset of both RV hypertrophy and echocardiographic abnormalities. To our knowledge, this is the first report of serial three-dimensional electrocardiography detecting changes early in the development of PAH in animals with the use of a three-lead body surface ECG.
Right heart catheterization, echocardiography, and electrocardiography
We used right heart catheterization as the gold standard for diagnosis of PAH in rats, similar to the guidelines for patient evaluation [23] . Measuring mean CSA of RV cardiomyocytes served to determine RV hypertrophy. Since echocardiography is regarded as the most important noninvasive diagnostic tool in the initial evaluation of PAH [6], we performed a limited, reliable echocardiographic evaluation of all rats for comparison with ECG recordings. Although echocardiography did not detect changes in MCT rats on day 14, there were important changes in LV/RV fractional shortening on day 25. This confirms that the echocardiographic measurements used offer a fair appreciation of the rat heart and changes in RV afterload. The three-lead body surface ECG used in this study is an orthogonal lead system in its most simple form. Our longitudinal three-dimensional ECG analysis rendered variables unique to vectorcardiography, enhancing understanding of RV evolutionary changes during the development of PAH.
Early electrocardiographic abnormalities in developing pulmonary arterial hypertension
On day 14, initial changes in both depolarization and repolarization characteristics were already apparent. The decrease in QRS vector magnitude and the change in three-dimensional QRSaxis orientation imply a change in depolarization characteristics. The change in VG magnitude signifies a change in action potential duration heterogeneity in the ventricles, and the increased QRS-T spatial angle signifies a change in repolarization sequence. In the absence of ventricular conduction delays, these changes are most likely the result of increased cancellation of LV electromotive forces by an augmented RV contribution ( Figure 5 ) [24, 25] .
Late electrocardiographic abnormalities in end-stage pulmonary arterial hypertension
On day 25, there were marked ECG changes in MCT rats, indicated by depolarization abnormalities, discordance of depolarization and repolarization, and decreased action potential duration heterogeneity. Heart rate was lowered further, and QRS-axis orientation changed dramatically. At the same time, mean QRS vector magnitude "normalized." Changes in both QRS-axis orientation and "normalization" of mean QRS vector magnitude can be explained by an increased RV contribution to the resultant ventricular depolarization activity ( Figure 5 ).
The further decrease in VG magnitude in MCT rats, despite a normalized mean QRS vector magnitude, can be understood by taking a closer look at the signifi cant increase in QRS-T spatial angle. The mean QRS-T spatial angle of 146° ± 45° in MCT rats on day 25 implies that direction of the T-axis is partially opposite to the QRS-axis, thereby decreasing ventricular gradient magnitude [22] . These more pronounced late ECG changes are consistent with the observed abnormalities in LV/RV fractional shortening and the elevated RVSP values that were also present in the late stage of the experiment. In advanced PAH, moderate to severe RV hypertrophy is observed, often with RV dilatation and paradoxical septal movement [26, 27] . The idea that sequential electrocardiography could detect cardiac changes in developing pulmonary hypertension was put forward by Bruner et al. [8] , who observed a rightward shift in the frontal plane of the mean QRS-axis in rats 14 days after direct administration of MCT pyrrole (the active metabolite of MCT). Although the QRS-axis shift was in correspondence with the level of RV hypertrophy, elevated pulmonary artery pressures had been present for 7 days [8] .
However, two important differences should be noted between the study of Bruner et al. [8] and the current study. First, instead of using MCT pyrrole, we used MCT, causing a significant delay in development of pulmonary hypertension [8] . Electrocardiographic changes observed in this study on day 14 are therefore not comparable to the changes observed by Bruner et al. [8] on day 14. Second, the three-dimensional QRS-axis orientation is the basis for QRS-axis orientation in any plane. Therefore, any change in QRS-axis orientation in a plane of choice (e.g., the frontal plane as used by Bruner et al.) can be a meaningful approximation of the true change in threedimensional QRS-axis orientation when the QRS-axis is oriented in or close to this frontal plane at the time of each measurement. However, when the three-dimensional QRS-axis is oriented more perpendicularly to the plane of choice, a change in three-dimensional orientation may either be largely underestimated or overestimated by the change in QRS-axis orientation in this particular plane. A change in three-dimensional QRS-axis orientation is therefore more accurate and reliable than a change in two-dimensional QRS-axis orientation. With the advent of stateof-the-art techniques such as continuous invasive telemetry, future research will likely unravel the true relationship between ECG changes and the onset of elevated pulmonary pressures. Our observation that elevated pulmonary artery pressures precede RV hypertrophy confirms prior reports that RV hypertrophy is a relatively insensitive marker of pulmonary hypertension [8] . Lee et al. [12] established the presence of "compensated" RV hypertrophy after 14 days, using 5-wk-old male Wistar rats exposed to a 60 mg·kg -1 dose of MCT. Others demonstrated that RV hypertrophy precedes neurohumoral activation and β-adrenoceptor down regulation [17] .
In our study, MCT rats showed a progressive decrease in heart rate under anesthesia during development of PAH. This may reflect the increased cardiodepressive effect of anesthesia in the presence of early neurohumoral changes.
Monocrotaline-induced pulmonary arterial hypertension
MCT-induced PAH is broadly recognized as an experimental model for studying RV hypertrophy as well as treatment effects of PAH-attenuating medication. Although MCT has been shown to primarily affect the RV, with no known effects on LV remodeling or changes in potassium channel expression, a direct effect of MCT on myocardial electrical
properties cannot be fully excluded [28] [29] [30] . Although the presence of discordance between depolarization and repolarization is a global and rather aspecific marker of ventricular pathology, it is associated with an adverse long-term prognosis [31] . Since this particular model only affects RV afterload, such discordance between depolarization and repolarization is most likely a direct consequence of resultant RV hypertrophy in the absence of RV ischemia. Ventricular repolarization sequence becomes abnormal in rats with PAH, given the high spatial angle (Table 1) . In fact, changes in RV action potential duration and/or action potential duration heterogeneity are necessary to elicit such changes. However, these changes are by no means indicative of spatial differences in action potential duration distribution or repolarization within the RV. The exact mechanism underlying this phenomenon is beyond the scope of the current study. A RV load-dependent down regulation of voltage-gated potassium channels is likely involved [12, 28] . Further research is necessary to appreciate changes in RV myocardium elicited by PAH.
Limitations
A limitation in our study, which was essentially designed as a reversal protocol, is that the limited time of therapy as well as the relatively low dosages may have precluded a beneficial effect of bosentan, sildenafil, and fasudil on RV pressure overload [32] [33] [34] .
Conclusions
Developing pulmonary arterial hypertension is characterized by early ECG changes preceding RV hypertrophy, whereas severe pulmonary arterial hypertension is marked by profound ECG changes, associated with anatomical and functional changes in the RV. Threedimensional ECG analysis appears to be very sensitive to early changes in RV afterload.
Having established that developing pulmonary arterial hypertension in the rat is associated with distinct evolutionary ECG changes, this finding must now meet its clinical use by serial ECG analysis in a select group of patients at risk for developing pulmonary arterial hypertension.
